ABSTRACT: Degenerative joint changes have been reported in human mucopolysaccharidosis VI (MPS VI) and are a prominent feature of feline MPS VI. Joint disease has proven refractory to intravenous enzyme replacement therapy (ERT) in the MPS VI cat because enzyme is unable to reach cells in cartilage. In this study, enzyme was infused directly into the intraarticular space to determine whether joint tissues are able to respond to replacement enzyme. Clearance of glycosaminoglycans from chondrocytes was observed at a dose of 10 g recombinant human N-acetylgalactosamine-4-sulfatase (rh4S), but greater clearance was observed with higher doses. The chondrocytes at the articular surface were cleared preferentially. Lysosomal vacuolation in cruciate ligament and synovial cells also decreased upon addition of rh4S. One month after injection of rh4S, a slight reaccumulation of storage was observed at the surface of the joint, but extensive reaccumulation was observed 2 mo after injection. These results indicate that by bypassing the synovium using intraarticular ERT, significant reduction in storage material in joint tissues can be achieved. Localized ERT in the joint space provides a mechanism for delivering enzyme directly to the articular cartilage and a potential therapy for joint pathology in MPS VI. 
M PS VI (Maroteaux-Lamy Syndrome) is a lysosomal
storage disorder (LSD) that occurs secondary to a major reduction or complete loss of N-acetylgalactosamine-4-sulfatase (4S, EC 3.1.6.1) activity. 4S activity is required for the catabolism of chondroitin sulphate (CS) and dermatan sulphate (DS) glycosaminoglycans (GAG). An inadequate level of 4S results in the accumulation of CS and DS within lysosomes, causing lysosomal engorgement, cell enlargement, and dysfunction (1) .
Wide phenotypic variations have been described in human MPS VI. The cardinal clinical features of the severe MPS VI phenotype are characterized by major skeletal abnormalities (short stature, dysostosis multiplex) and restriction in joint movements (most likely due to thickened joint capsules and epiphyseal deformities). Other features include cardiomyopathy and valvular dysfunction, upper airway obstruction, coarse facies, corneal clouding, and hepatosplenomegaly (1) (2) (3) . Arthritic lesions have been recorded at autopsy of a 27-y-old MPS VI patient (4) .
The feline MPS VI model closely mimics the human disease. A variety of gross pathologic lesions indicative of DJD are commonly encountered in the joints of MPS VI cats older than 6 mo of age (5, 6) . In younger MPS VI cats (12-15 wk of age; open physes), radiographs of joints indicate irregular subchondral bone contour and increased joint space (5, 7, 8) . Vacuolation of chondrocytes is the most striking histologic feature of cartilage samples obtained from MPS VI cats at various ages (9, 10) and is already present in the mid-term fetus (5) . DJD has a complex etiology that is compounded in MPS VI by the underlying genetic abnormality. Although the exact pathophysiology of DJD is not well understood, possible underlying pathogenic mechanisms for the development of DJD in MPS VI animals are starting to emerge (11, 12) . Once initiated, DJD is difficult to reverse and it affects all tissues in the joint. Therefore, therapy for MPS VI should target chondrocytes, synoviocytes, osteoblasts, osteoclasts, osteocytes, and ligament cells.
Until recently, the only specific therapy available for MPS VI children was bone marrow transplantation (BMT) (13, 14) . Apart from the obvious problems associated with BMT (e.g. lack of suitable donor; high mortality/morbidity), no noticeable change in bone pathology has been reported in the few MPS VI patients that received BMT, although some improvement in joint mobility occurred (14) .
During the last 4 -5 y, human clinical trials using systemic enzyme replacement therapy (ERT) with rh4S have been carried out in Australia and the United States (15) . Although the human trials have not been undertaken for a sufficient length of time to determine joint response, all results obtained to date in the MPS VI cat indicate that intravenous ERT is unable to deliver sufficient corrective enzyme to articular cartilage to significantly affect the pathology in this tissue and alter joint disease (5) . The lack of improvement seen in the cartilage is generally attributed to the avascular nature of this tissue. Fortunately, bone cells respond well to systemic ERT and improvement in bone mass and shape is observed (5, 16, 17) .
Because evidence is accumulating to suggest that a unimodal therapeutic approach (e.g. intravenous ERT) is not sufficient to achieve maximal effects in all tissues, designing a multimodal approach, including direct application of enzyme into joint spaces, seems a logical step. In the present study, we postulate that by raising the intraarticular concentration of rh4S to therapeutic levels in the joint space, improvement in GAG storage and chondrocyte vacuolation will occur. Our first aim was to assess whether high amounts of enzyme could affect GAG storage in vitro. Thereafter, we determined the intraarticular dose of rh4S required to remove undegraded GAG from MPS VI cartilage cells and estimated the amount of time before reaccumulation of lysosomal storage following a single IA INJ of rh4S. Finally we tested whether repeated IA INJ of rh4S would be beneficial to cartilage.
METHODS
In vitro correction of storage. Rib cartilage was removed from MPS VI animals and dissected clear of adherent muscle and perichondrium. Cartilage was minced finely and placed into organ culture in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 50 units penicillin, and 50 g/mL streptomycin sulphate. rh4S was added to a final concentration of 0.5, 5.0, or 50 g/mL of medium. Tissue was incubated for 2 d, the medium renewed, and tissue incubated for a further 2 d. On d 4, the medium was removed and the tissue fixed in 2% (vol/vol) glutaraldehyde, 2% (vol/vol) paraformaldehyde, and 0.7% (wt/vol) ruthenium hexamine trichloride in 0.1 M cacodylate buffer (pH 7.2) and processed for transmission electron microscopy (TEM).
Enzyme preparation. Both rh4S and recombinant feline N-acetylgalactosamine 4-sulfatase (rf4S) were used, and both were derived from stably transfected Chinese hamster ovary cell lines expressing the appropriate enzyme. rf4S was purified from cell culture medium using an antibody affinity purification column as previously described (18) . rh4S preparations were produced and provided by BioMarin Pharmaceutical Inc. (Novato, CA). All preparations were formulated as sterile solutions containing 1 mg/mL of rh4S at pH 5.8 in 10 mM sodium phosphate and 150 mM sodium chloride (with or without polysorbate 80). The activity of rh4S was determined using a fluorogenic assay as described previously (19) , protein concentration was determined using Bio-Rad dye reagent concentrate (Bio-Rad Laboratories, Pty., Ltd, NSW, Australia) (20) , and purity was assessed by SDS-PAGE. If required for IA INJ, enzyme was concentrated to yield a final concentration of ϳ 5 mg/mL suitable for injection in a small volume. Enzyme was concentrated in an Amicon filtration unit using a YM-10 membrane (cut-off ϭ 10,000 Da) and sterile filtered.
Test animals. Cats were bred and maintained at the Institute of Medical and Veterinary Science, Adelaide, South Australia. Animal husbandry has been previously described (5, 17) . Studies were approved by the Women's and Children's Hospital and Institute of Medical and Veterinary Science Animal Ethics Committees.
MPS VI diagnosis and genotypes. Air-dried blood films from newborn kittens were stained with May-Grunwald Giemsa and examined for changes in white cell morphology characteristic of MPS VI (5). Genotype (L476P homozygotes) was subsequently confirmed by PCR analysis (18) . This genotype results in a severe clinical MPS VI phenotype associated with a very low level of feline 4S protein.
Experimental outline. A single dose of 10, 100, or 500 g rf4S (70 L volume) was injected into the right knee joint of 2-mo-old MPS VI cats (n ϭ 1 per dose). Animals were killed 7 d after injection. A single dose containing 10, 100, or 500 g of rh4S protein per 70 L was injected at 1-2 mo of age (range, 36 -64 d of age) into the joint cavities of the right shoulders, elbows and knees of six cats. The contralateral joints (left shoulders, elbows, and knees) of all but one cat were treated with 70 L of phosphate buffer (10 mM sodium phosphate, 150 mM sodium chloride, pH 5.7). The contralateral joints of the remaining cat received 1 g of rh4S protein per 70 L. Cats were killed 7 (n ϭ 3), 28 (n ϭ 1), 56 (n ϭ 1), or 86 d (n ϭ 1) after therapy.
In one additional cat, a dose containing 500 g of rh4S protein per 70 L was administered at 64 d of age into the right shoulder, elbow, and knee joints followed by a second dose of enzyme 4 mo later (176 d of age). On both occasions, the contralateral joints were injected with 70 L of buffer. This cat was killed 7 d after the second injections (Table 1) .
All IA INJ were administered under general anesthesia. Immediately before injection, the skin covering each joint was clipped and disinfected. Recombinant enzyme or buffer was injected using a 0.5-mL tuberculin syringe and 29-gauge needle. Immediately after injection, the joint was flexed and extended gently to allow for an even distribution of fluid throughout the joint cavity. Cats were monitored during and after IA INJ for signs of anaphylaxis or hypersensitivity reactions. An overdose of barbiturate was used for euthanasia.
Sample collection, histology, and cytology. Synovium samples from all joints were collected into 10% (vol/vol) formalin for histologic examination by light microscopy. Sections were stained with hematoxylin and eosin and examined for synovial hyperplasia, vacuolation of synovial cells, and signs of inflammation. A smear of synovial fluid was stained with May-Grunwald Giemsa for cytological evaluation. Cartilage samples were collected at "standardized" sites (the medial tibial condyle, the lateral humeral condyle, craniodistal to the intertubular groove on the humeral head) where thickness is relatively even and where abnormalities develop in older MPS VI cats. Cartilage samples were fixed in 2% (vol/vol) glutaraldehyde/2% (vol/vol) Depth of clearance of lysosomal contents in chondrocytes. Sections were examined using a 10 mm ϫ 10 mm grid on an Olympus microscope eyepiece. The absolute depth of penetration of rh4S from the articular surface was determined by recording the depth to which chondrocytes were free of lysosomal vacuolation. Relative depth of clearance was then calculated as a percentage of total cartilage thickness (measured as the distance from articular surface to subchondral bone). Because total cartilage thickness varies across the joint, particularly in the knee, measurements were taken at both the thickest and thinnest part of the section.
RESULTS
In vitro correction of cartilage tissue. An initial in vitro study was undertaken to determine whether high levels of rh4S added to cell culture medium could affect chondrocyte GAG storage. MPS VI cartilage tissue was cultured in vitro for a total of 4 d in the presence of 0.5, 5.0, or 50 g/mL rh4S. No change in chondrocyte vacuolation was observed at any of the doses tested, indicating that the exogenous enzyme had not been taken up by cells (Fig. 1) .
In vivo correction of cartilage and surrounding tissues. The IA INJ of buffer alone 7 d before analysis had no effect on lysosomal storage in chondrocytes and maximal storage was observed throughout the full cartilage thickness (Fig. 2, A, C , E, and G). Joints injected with either rf4S or rh4S exhibited clearance of stored lysosomal GAG from some but not all chondrocytes 7 d post injection (Fig. 2, B, D, F, and H) . Clearance was observed with doses of 10 g, 100 g, or 500 g of rh4S, whereas negligible change was observed in joints treated with 1 g rh4S. Chondrocytes located nearer the articular surface, i.e. closest to the source of exogenous rh4S, were cleared preferentially of storage material. Chondrocytes adjacent to subchondral bone were not affected by rh4S administration at any dose. The interface where correction ended was well demarcated (Fig. 2B) . The percentage of total cartilage thickness in which the resident chondrocytes showed clearance of storage correlated with the dose of rh4S administered (Fig. 3, A-C) . No apparent difference was observed in the ability of recombinant human or feline 4S to degrade stored GAG. IA INJ also resulted in the removal of stored GAG from cruciate ligament cells (Fig. 4, A and B) and synoviocytes (Fig. 4, C and D) .
One month after IA INJ with 500 g of rh4S, a small amount of reaccumulation of lysosomal storage material had occurred within the chondrocytes located at the surface of the cartilage (Fig. 5A) , however, cells deeper in the tissue were still free of vacuolation (Fig. 5D ). Two and three months after IA INJ with 500 g of rh4S, reaccumulation of storage had occurred in all chondrocytes throughout the full thickness of cartilage and all cells contained large vacuoles (Fig. 3, D-F ; Fig. 5, B, C, E, and F) . The same result was observed in all joints.
The one MPS VI animal treated with two doses of rh4S on d 64 and d 176 also showed improvement in chondrocyte vacuolation (data not shown). This most likely reflected the effect of the second set of IA INJ given 1 wk before postmortem.
In the buffer-treated joints of MPS VI cats, synovial cells were hypertrophic (large and foamy) due to accumulation of GAG leading to widespread thickening of the synovium (Fig.  6, A and B) . The synovium also appeared hyperplastic. One week after a single IA INJ of rh4S (all doses), the level of storage in synovial cells was considerably reduced with the (Fig. 6, C  and D) . As a result of this, the overall thickness of the synovium was reduced, however, this was not uniform across the joint. No obvious difference in hyperplasia was observed. Reaccumulation of storage material within synovial cells was observed 1 mo after a single injection of 500 g rh4S, with cells appearing mild or moderately foamy (Fig. 6, E and F) . Synovial thickness still appeared reduced. Two and three months after a single injection of rh4S, the appearance of the synovium was similar to that observed in the buffer-treated joints, with widespread vacuolation in cells and a thickened, hyperplastic synovium (data not shown). No signs of inflammation were detected in any control or treated joint.
Most cells observed on the smears of synovial fluid collected from buffer-treated and rh4S-treated joints of MPS VI cats were synoviocyte-like cells (data not shown). Some of these cells appeared vacuolated. None of the smears examined suggested signs of inflammation.
General health. No abnormalities were observed during or in the hours after the IA INJ in any of the treated cats. All cats recovered well from the anesthesia and were able to stand and 
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walk when awake. No signs of inflammation were detected during the days that followed the IA INJ. Appetite and level of activity were not affected by the procedure. No abnormalities within buffer-treated or rh4S-treated joints were detected at postmortem. No signs of inflammation were observed in any joint.
DISCUSSION
A single dose of rh4S injected directly into the intraarticular joint space of shoulders, elbows, and knees of young MPS VI cats resulted in a clear decrease in lysosomal storage within chondrocytes after 7 d. The correction of lysosomal storage was dose dependent and could be achieved up to approximately mid-depth from the articular surface of cartilage with a dose of 500 g per joint. A decrease in cell vacuolation was also detectable in the synovium of all rh4S-treated joints for up to a month after IA INJ (and in ligament cells after 7 d). This indicates that synoviocytes and chondrocytes (as well as ligament cells) possess the appropriate receptors for rh4S uptake and that translocation of the enzyme to the lysosome occurs in vivo. Mannose-6-phosphate-receptor mediated uptake of exogenous 4S into chondrocytes and subsequent degradation of stored lysosomal GAG has been previously demonstrated in vitro (21, 22) .
These results indicate that a major obstacle to joint therapy using intravenous ERT is diffusion of enzyme through the synovium surrounding joints. The tight compartmentalization of the joint space as well as the rapid uptake of enzyme by major organs such as the liver (21) significantly reduces the efficacy of intravenous ERT to articular chondrocytes. The architecture of MPS VI synovial membrane appears considerably disrupted due to the presence of excessive vacuolation within synoviocytes and marked synovial hyperplasia. Because one of the primary functions of synovium is to supply nutrients to avascular cartilage, the characteristic synovial microvasculature needs to be preserved as well as the arrangement of its superficial cellular layer (23) . Therefore, if the synovial architecture is sufficiently disrupted in MPS VI joints, alteration in synovial fluid turnover may occur with possible reduction in availability of nutrients for the chondrocytes. This hypothesis is indirectly supported by the fact that a higher percentage of 3 H-4S (administered intravenously) is measured in the articular cartilage of a normal cat than in the cartilage of a MPS VI cat (21) . An additional confounding characteristic is the marked increase in cartilage thickness in MPS VI, which must be traversed before enzyme can reach its target cells. It is generally accepted that high levels of circulating drugs must be administered to achieve therapeutic levels in synovial joints (24) . The hyperplasia of both synovium and cartilage observed in MPS VI add to this problem of accessibility.
Other roles for synovial lining cells include the synthesis of joint lubricant, matrix molecules, digestive enzymes, and cytokines, as well as participation in immunologic processes (25) . Changes in composition of the synovial fluid have been recognized in MPS VII dogs (26) . Finally, the 4S requirement of the synovial membrane may be very high (i.e. high GAG turnover) and very little of the intravenously administered enzyme may remain for penetration into articular cartilage after passage through the synovium. Indeed, rh4S was undetectable in articular cartilage of MPS VI cats treated with long-term rh4S ERT (17) .
Chondrocytes possess the appropriate mannose-6-phosphate receptors for internalization of the recombinant precursor form of 4S (21, 22) . When removed from their surrounding extracellular matrix and grown in monolayer culture, exogenous enzyme is correctly targeted to the lysosome where it degrades stored GAG. In this study, despite the addition of high levels of rh4S (at levels higher than that achievable in vivo) to the culture medium, no alteration in chondrocyte vacuolation was observed within cartilage tissue where the extracellular matrix was preserved. In contrast, the addition of rh4S directly into the joint space in vivo resulted in a clear resolution of GAG storage in chondrocytes that was dose dependent, favoring chondrocytes located nearer the articular surface. The penetration of 4S into cartilage tissue in vivo compared with the lack of penetration into cartilage tissue in vitro is most likely a consequence of the biomechanical forces acting upon the joint driving diffusion through the cartilage tissue.
No apparent difference was observed between rf4S and rh4S in ability to degrade accumulated GAG in vivo. However, neither enzyme preparation was capable of penetrating cartilage to the deepest level adjacent to subchondral bone. It is possible that by increasing the dose beyond that assessed here, enzyme will be accessible to cells deeper in the cartilage tissue. From the present in vitro results, it is apparent that the application of biomechanical forces on cartilage tissue is important for diffusion through the extracellular matrix. Articular cartilage acts to diffuse the pressure impinging on the cartilage surface at the point of loading impact into surrounding cartilage tissue to protect the underlying bone from high pressure (27) . With increasing depth away from the articular surface, the force applied may be diffused to such an extent that it can no longer promote diffusion of the 4S molecule through the cartilage extracellular matrix.
The reaccumulation of storage was observed in chondrocytes at the articular surface earlier than in deeper region cells and reflects the intrinsic metabolic differences observed in different subpopulations of articular chondrocytes. Higher amounts of DS-containing proteoglycans are found at the cartilage surface (28) and cells in this region degrade proteoglycan more rapidly (29) . Although the latter observation concerns predominantly nonlysosomal proteoglycan turnover, it is likely that the lysosomal system is also more active in these cells. Thus, surface chondrocytes are more metabolically active and have more DS GAG to digest than other articular chondrocytes leading to the more rapid reaccumulation of GAG after a single dose of replacement enzyme.
Overall, our data indicate that by using IA INJ of rh4S, we can achieve a high concentration of 4S locally and, as a consequence, gain direct benefits for chondrocytes, ligament cells, and synoviocytes. Our data also suggest that a monthly interval for the IA INJ could be sufficient to achieve considerable improvement within joint tissues and prevent the de-542 velopment of DJD in MPS VI cats. The fact that no inflammatory reaction was observed after repeated IA INJ in one MPS VI cat represents a very encouraging result and will require more study.
IA therapy with rh4S is one approach that will have merits when combined with other approaches such as intravenous ERT. As it will not be feasible to inject all joints, major weight bearing joints will undoubtedly be selected for therapy. Because cartilage is very difficult to repair once damaged, IA therapy will ideally be initiated well before the development of irreversible lesions in cartilage. A complementary therapeutic option targeting joint tissues, including IA therapy with rh4S, might prove beneficial if available to MPS VI patients.
